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The nucleotide sequence of the xynZ gene, encoding the extracellular xylanase Z of Clostridium thermocellum,
was determined. The putative xynZ gene was 2,511 base pairs long and encoded a polypeptide of 837 amino
acids. A region of 60 amino acids containing a duplicated segment of 24 amino acids was found between
residues 429 and 488 of xylanase Z. This region was strongly similar to the conserved domain found at the
carboxy-terminal ends of C. thermocellum endoglucanases A, B, and D. Deletions removing up to 508 codons
from the 5’ end of the gene did not affect the activity of the encoded polypeptide, showing that the active site
was located in the C-terminal half of the protein and that the conserved region was not involved in catalysis.
Expression of xylanase activity in Escherichia coli was increased up to 220-fold by fusing fragments containing
the 3’ end of the gene with the start of lacZ present in pUC19. An internal translational initiation site which
was efficiently recognized in E. coli was tentatively identified 470 codons downstream from the actual start

codon.

The gram-positive anaerobic thermophile Clostridium
thermocellum secretes a highly active and thermostable
cellulolytic complex (15, 18, 28). Most natural cellulose is
closely associated with hemicellulose. Xylans are major
components of hemicellulose. They are heteroglycans with a
backbone of (1,4)-linked B-D-xylopyranosyl residues and
short side chains of (1,3)-linked «-L-arabinofuranose and
(1,2)-linked a-D-glucopyranuronic acid residues (3).

C. thermocellum secretes xylanase activity when cells are
grown on cellobiose (9), but growth on xylan occurs only
after a lag phase of several days (46). C. thermocellum is able
to utilize xylooligomers of n = 2 to 5 but not xylose, which
accumulates in the culture medium during growth on xylan
(46). Xylanolytic enzymes secreted by C. thermocellum
during growth on cellobiose may make cellulose accessible
to cellulolytic enzymes. No xylanase from C. thermocellum
has yet been isolated and characterized.

Ten clones containing distinct chromosomal DNA frag-
ments from C. thermocellum were isolated by Millet et al.
(24) and were tentatively identified as carrying cellulase (cel)
genes on the basis of their ability to hydrolyze carboxy-
methylcellulose or 4-methylumbelliferyl-g-p-cellobioside
(MUC). However, further analysis showed that the activity
towards MUC of clones carrying pCT1200 and pCT1300 was
due to xylanase rather than cellobiohydrolase activity (data
not shown).

Plasmid pCT1200 confers on Escherichia coli the ability to
hydrolyze xylan, MUC, para-nitrophenyl (pNP)-B-p-cel-
lobioside, pNP-B-bp-xylopyranoside, and pNP-B-bp-xylo-
bioside but not carboxymethyl cellulose. We have shown
that a single protein termed xylanase Z, encoded by the gene
xynZ, is responsible for these activities (accompanying pa-
per [11]). We report here the structure of the xynZ gene, the
similarities found with endoglucanases from C. thermocel-
lum, and the construction of deletions in the xynZ gene.
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MATERIALS AND METHODS

Enzymes and reagents. All restriction endonucleases were
purchased from Amersham or Boehringer-Mannheim and
were used as recommended by the suppliers. T4 DNA ligase
and exonuclease III (Boehringer-Mannheim), the Klenow
fragment of DNA polymerase and S1 nuclease (Amersham),
and mung bean nuclease (New England Biolabs) were used
as recommended by the suppliers. Isopropyl-B-p-thiogalac-
topyranoside and 5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside were from Sigma.

Bacterial strains and vectors. Phages M13mp8 and mp9
(23), cloning vectors pUC8 (42) and pUC19 (48), and plasmid
pTZ18R (Pharmacia Ltd.) were prepared in Escherichia coli
TG1 (43). pCT1200 is a derivative of pACYC184 (5) which
contains a 6.0-kilobase (kb) EcoRI fragment (Fig. 1) carrying
the xynZ gene of C. thermocellum (24).

DNA isolation and fractionation. Plasmid DNA and RF
M13 DNA for restriction analysis were isolated by the
alkaline lysis procedure (4). Large-scale plasmid purification
was obtained by banding in CsCl-ethidium bromide density
gradients (14). DNA restriction fragments were resolved by
horizontal gel electrophoresis in borate buffer (21).

Nucleotide sequence analysis. Overlapping deletions were
generated with exonuclease III as described by Guo and Wu
(12), except that mung bean nuclease was used instead of S1
nuclease. Fragments of appropriate size were sequenced in
M13mp8 and mp9 and pTZ18R by the dideoxy chain termi-
nation method of Sanger et al. (34). The entire coding
sequence was determined at least once on both strands.

Construction of deletions of xynZ. The 6.0-kb EcoRI frag-
ment of pCT1200 (Fig. 1) was cloned into pUCS8 to yield
pCT1202. The 2.15-kb AccI-Clal fragment was treated with
the Klenow fragment of DNA polymerase and cloned at the
Smal site of pUC8 to yield pCT1208 (Fig. 1). Plasmid
pCT1211 contains the same fragment as pCT1208 but cloned
in pUC19. xynZ is transcribed in the same direction as lacZ
in pCT1202, pCT1208, and pCT1211. Plasmid pCT1223 was
constructed by removing the 50-base-pair (bp) EcoRI-Styl
fragment of pCT1208 and recircularizing the plasmid after
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FIG. 1. Position of xynZ within the 6.0-kb EcoRI fragment
carried by pCT1200. The coding sequence is shown by a rectangle.
The protein is translated from left to right. In fragments cloned in
pUC vectors, xynZ has the same orientation as lacZ. The duplicated
segment is hatched. Pro- and Thr-rich regions are shown by solid
bars. Inserts carried by various deleted subclones are shown by
horizontal bars. The exact endpoint of each deletion is shown in Fig.
2. Restriction sites: Acc, Accl; Av, Aval; Cla, Clal; E, EcoRI; H,
HindIll; He, Hincll; Nc, Ncol; Pv, Pvull; Sm, Smal; Sty, Styl.

trimming single-stranded ends with mung bean nuclease.
Plasmids pCT1214 to pCT1221 were constructed by adapting
the exonuclease III method of Guo and Wu (12). Plasmid
pCT1211 was cut by PstI and Styl, digested with exonucle-
ase III and mung bean nuclease successively, and then
ligated with itself. The endpoint of these deletions was
determined by double-stranded DNA sequencing (6) with the
M13 reverse sequencing primer (Biolabs).

Specific xylanase activity of crude extracts. Clones were
grown overnight in 200 ml of LB medium containing carben-
icillin (100 pg/ml). Cells were centrifuged at 5,000 X g for 20
min, suspended in 10 ml of PC buffer (50 mM K,HPO,, 12.5
mM citric acid, pH 6.3), and disrupted by sonication in a
Branson B-12 sonifier. The extract was centrifuged at 5,000
X g for 15 min to remove cell debris. Xylanase was assayed
by incubating crude extracts in a 0.5% (wt/vol) solution of
xylan (larchwood xylan, Sigma) in PC buffer at 60°C. The
appearance of reducing sugars was assayed by the Somogyi-
Nelson method (27). One unit of activity corresponds to the
release of 1 pmol of xylose equivalent per min. Protein
concentration was determined by the Coomassie blue G-250
binding assay (35) with bovine serum albumin as a standard.

Immunological detection of xynZ gene products. Crude
extracts from various clones were analyzed by Western
blotting (immunoblotting) (39). The anti-xylanase Z antise-
rum (11) was saturated with a crude extract of E. coli
TG1(pUC19) to prevent adsorption to nonspecific bands.

RESULTS

Sequence of the xynZ gene. The region of pCT1202 express-
ing xylanase Z was found to contain an open reading frame
of 2,511 nucleotides (Fig. 2). The encoded 837-amino-acid
polypeptide had a calculated molecular weight of 92,159, in
close agreement with the M, of 90,000 found for xylanase Z
by Western blotting both in crude extracts of E. coli
TG1(pCT1202) (see Fig. 4, lane 2) and in C. thermocellum
culture supernatant (11). The assigned ATG initiation codon
was preceded by a typical Shine-Dalgarno sequence,
AGGAGG, which exhibited perfect complementarity with
the 3’ end of Bacillus subtilis 16S rRNA (22). Furthermore,
the deduced amino acid sequence following the putative
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ATG resembled the signal sequence preceding C. thermo-
cellum endoglucanases A (EGA), B (EGB), and D (EGD), as
well as secretory proteins from other gram-positive bacteria
(45). Comparison with other cleavage sites (45) suggested
that cleavage of the xylanase Z signal peptide may occur
between alanine residues 28 and 29. A perfect 14-bp palin-
drome (Fig. 2), corresponding to an mRNA hairpin loop with
a AG of —35 kcal/mol (ca. 146 kJ/mol) (38), occurred 30 bp
downstream from the TGA stop codon. This structure could
act as a transcriptional termination signal (33). No sequence
displaying obvious homology with known E. coli (33) or B.
subtilis (19) promoters was found within the 300 bp preced-
ing the start codon (not shown).

Codon usage. Table 1 shows the codon usage of the xynZ
gene, which was similar to that found for the other se-
quenced genes of C. thermocellum, celA (unpublished
results), celB (10), and celD (16). The codon usage of C.
thermocellum appears to be more closely related to that
found in Bacillus spp. (40) than in E. coli (17).

Comparison of xylanase Z with other xylanases and cellu-
lases. No similarity could be found with the xylanases of
Bacillus pumilus (8, 25) and B. subtilis (30). However, a
region of 60 amino acids between residues 429 and 488 of
xylanase Z was strongly similar to the conserved COOH-
terminal region of EGA, EGB, and EGD of C. thermocellum
(Fig. 3). This region contained two segments of 24 amino
acids showing strong sequence similarity, linked by 10
residues. The peptide linking the two segments was different
in size and composition in the four proteins, except in EGA
and EGB.

Similarities to other regions of C. thermocellum cellulases
or to cellulases from other microorganisms were much less
obvious. However, xylanase Z contained two regions en-
riched in Pro and Thr residues, located between amino acids
287 and 296 and between amino acids 498 and 514, which
were reminiscent of the regions enriched in Pro and Thr
found in C. thermocellum EGA (2) and EGB (10), Cellulo-
monas fimi endoglucanase (47) and exoglucanase (29), and
Trichoderma reesei cellulases (31, 36, 37). These regions
have been shown to be glycosylated in 7. reesei cellulases,
but the function of these sequences in cellulases from other
microorganisms remains to be determined. No convincing
similarity was detected with cellulases from B. subtilis (20,
26, 32).

Deletion analysis of xynZ. The size of the xylanase encoded
by xynZ was larger than that of most characterized xylanases
(7, 8, 13). In order to determine which part of the protein is
essential for activity, xynZ was sequentially deleted from the
5' end by using exonuclease III and mung bean nuclease.
The remaining part of the gene was religated to the 5’ end of
lacZ contained in pUC19, yielding plasmids pCT1214
through pCT1221 (Fig. 1 and 2).

The replacement, in clones containing pCT1214 through
pCT1219, of the endogenous transcriptional and transla-
tional start sites with those controlling the expression of lacZ
resulted in a drastic increase in xylanase activity (Table 2).
The specific activity of TG1(pCT1216) was 220-fold higher
than that of TG1(pCT1202), which harbors the original
insert. Activity towards pNP-B-p-cellobioside, pNP-B-D-
xylopyranoside, pNP-B-p-xylobioside, and MUC followed
the same pattern (data not shown). Western blot analysis
confirmed that differences of activity were roughly corre-
lated with the amount of antigen present in crude extracts
(Fig. 4). The estimated molecular weight of the largest
detected polypeptides was somewhat lower than that calcu-
lated from the nucleotide sequence. However, the observed
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ATATATAAAT AAGGGTATTA ATTCTGCAAA AAGAAAAGTG TTTGCTACAT GAGGTCCATT AATTTTTATT TTATATCATA AATCAAAAAG GAGGAGAAAC
ATAT —_—

1 SD

fMET SER ARG LYS LEU PHE SER VAL LEU LEU VAL GLY LEU MET LEU MET THR SER LEU LEU VAL THR ILE SER SER THR SER ALA
ATG TCA AGA AAA CTT TTC AGT GTA TTA CTT GTT GGC TTG ATG CTT ATG ACA TCG TTG CTT GTC ACA ATA AGC AGT ACA TCA GCG

50
ALA SER LEU PRO THR MET PRO PRO SER GLY TYR ASP GLN VAL ARG ASN GLY VAL PRO ARG GLY GLN VAL VAL ASN ILE SER TYR
GCA TCC TTG CCA ACC ATG CCG CCT TCG GGA TAT GAC CAG GTA AGG AAC GGC GTT CCG AGA GGG CAG GTC GTA AAT ATT TCT TAT
100

PHE SER THR ALA THR ASN SER THR ARG PRO ALA ARG VAL TYR LEU PRO PRO GLY TYR SER LYS ASP LYS LYS TYR SER VAL LEU
TTC TCC ACG GCC ACC AAC AGT ACC AGG CCG GCA AGA GTT TAT TTG CCG CCG GGA TAT TCA AAG GAC AAA AAA TAC AGT, GTT TTG
200
100
TYR LEU LEU HIS GLY ILE GLY GLY SER GLU ASN ASP TRP PHE GLU GLY GLY GLY ARG ALA ASN VAL ILE ALA ASP ASN LEU ILE
TAT CTC TTA CAC GGC ATA GGC GGT AGT GAA AAC GAC TGG TTC GAA GGG GGA GGC AGA GCC AAT GTT ATT GCC GAC AAT CTG ATT
300

ALA GLU GLY LYS ILE LYS PRO LEU ILE ILE VAL THR PRO ASN THR ASN ALA ALA GLY PRO GLY ILE ALA ASP GLY TYR GLU ASN
GCC GAG GGA AAA ATC AAG CCC CTG ATA ATT GTA ACA CCG AAT ACT AAC GCC GCC GGT CCG GGA ATA GCG GAC GGT TAT GAA AAT
400
150
PHE THR LYS ASP LEU LEU ASN SER LEU ILE PRO TYR ILE GLU SER ASN TYR SER VAL TYR THR ASP ARG GLU HIS ARG ALA ILE
TTC ACA AAA GAT TTG CTC AAC AGT CTT ATT CCC TAT ATC GAA TCT AAC TAT TCA GTC TAC ACC GAC CGC GAA CAT CGG GCG ATT
500

ALA GLY LEU SER MET GLY GLY GLY GLN SER PHE ASN ILE GLY LEU THR ASN LEU ASP LYS PHE ALA TYR ILE GLY PRO ILE SER
GCA GGA CTT TCA ATG GGT GGA GGA CAA TCG TTT AAT ATT GGA TTG ACC AAT CTC GAT AAA TTT GCC TAT ATT GGC CCG ATT TCA

200
ALA ALA PRO ASN THR TYR PRO ASN GLU ARG LEU PHE PRO ASP GLY GLY LYS ALA ALA ARG GLU LYS LEU LYS LEU LEU PHE ILE
GCG GCT CCA AAC ACT TAT CCA AAT GAG AGG CTT TTT CCT GAC GGA GGA AAA GCT GCA AGG GAG AAA TTG AAA CTG CTC TTT ATT

600

250
ALA CYS GLY THR ASN ASP SER LEU ILE GLY PHE GLY GLN ARG VAL HIS GLU TYR CYS VAL ALA ASN ASN ILE ASN HIS VAL TYR
GCC TGC GGA ACC AAT GAC AGT CTG ATA GGT TTT GGA CAG AGA GTA CAT GAA TAT TGC GTT GCC AAC AAC ATT AAC CAT GTC TAT
700

TRP LEU ILE GLN GLY GLY GLY HIS ASP PHE ASN VAL TRP LYS PRO GLY LEU TRP ASN PHE LEU GLN MET ALA ASP GLU ALA GLY
TGG CTT ATT CAG GGC GGA GGA CAC GAT TTT AAT GTG TGG AAG CCC GGA TTG TGG AAT TTC CTT CAA ATG GCA GAT GAA GCC GGA
800
300
LEU THR ARG ASP GLY ASN THR PRO VAL PRO THR PRO SER PRO LYS PRO ALA ASN THR ARG ILE GLU ALA GLU ASP TYR ASP GLY
TTG ACG AGG GAT GGA AAC ACT CCG GTT CCG ACA CCC AGT CCA AAG CCG GCT AAC ACA CGT ATT GAA GCG GAA GAT TAT GAC GGT
900

ILE ASN SER SER SER ILE GLU ILE ILE GLY VAL PRO PRO GLU GLY GLY ARG GLY ILE GLY TYR ILE THR SER GLY ASP TYR LEU
ATT AAT TCT TCA AGT ATT GAG ATA ATA GGT GTT CCA CCT GAA GGA GGC AGA GGA ATA GGT TAT ATT ACC AGT GGT GAT TAT CTG

1000
pCT1208, pCcT1211 350 pCT1223

VAL TYR LYS SER ILE ASP PHE GLY ASN GLY ALA THR SER PHE LYS ALA LYS|VAL ALA ASN ALA ASN THR SER ASN ILE GLU LEU
G TAC AAG AGT ATA GAC TTT GGA AAC GGA GCA ACG TCG TTT AAG GCC AAG|GTT GCA AAT GCA AAT ACT TCC AAT ATT GAA CTT

ARG LEU ASN GLY PRO ASN GLY THR LEU ILE GLY THR LEU SER VAL LYS SER THR GLY ASP TRP ASN THR TYR GLU GLU GLN THR
AGA TTA AAC GGT CCG AAT GGT ACT CTC ATA GGC ACA CTC TCG GTA AAA TCC ACA GGA GAT TGG AAT ACA TAT GAG GAG CAA ACT
1100
400
CYS SER ILE SER LYS VAL THR GLY ILE ASN ASP LEU TYR LEU VAL PHE LYS GLY PRO VAL ASN ILE ASP TRP PHE THR PHE GLY
TGC AGC ATT AGC AAA GTC ACC GGA ATA AAT GAT TTG TAC TTG GTA TTC AAA GGC CCT GTA AAC ATA GAC TGG TTC ACT TTT GGC
1200

VAL GLU SER SER SER THR GLY LEU GLYJASP LEU ASN GLY ASP GLY ASN ILE ASN SER SER ASP LEU GLN ALA LEU LYS ARG HIS
GTT GAA AGC AGT TCC ACA GGT CTG GGG|GAT TTA AAT GGT GAC GGA AAT ATT AAC TCG TCG GAC CTT CAG GCG TTA AAG AGG CAT
1300

450

LEU LEU GLY ILE SER|PRO LEU THR GLY GLU ALA LEU LEU ARG ALAJASP VAL ASN ARG SER GLY LYS VAL ASP SER THR ASP TYR
TTG CTC GGT ATA TCA]ccG CTT ACG GGA GAG GCT CTT TTA AGA GCG|GAT GTA AAT AGG AGC GGC AAA GTG GAT TCT ACT GAC TAT
1400

FIG. 2. Nucleotide sequence and deduced amino acid sequence of the xynZ gene of C. thermocellum. Numbering of both nucleotides and
amino acids starts with the beginning of the coding sequence. The putative Shine-Dalgarno sequence (SD) is underlined. Pro- and Thr-rich
regions are in boldface type. The conserved, duplicated stretch is boxed (residues 430 to 453 and 464 to 487). A perfect 14-bp palindrome
which may serve as a transcription terminator is indicated by inverted arrows. Arrows in the coding sequence indicate the beginning of the
xynZ gene in the deleted clones.
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SER VAL LEU LYS ARG TYR ILE LEU ARG ILE ILE
TCA GTG CTG AAA AGA TAT ATA CTC CGC ATT ATT

PCTI218  Lomi21e

pro TaR|GLN THR|PRO ILE PRO TER ILE SER
CCG ACAJCAA ACT|CCT ATC CCC ACG ATT TCG
peT1220

TYR ASN ASN SER
TAC C AAT TCA

THR GLU PHE
JACA GAG TTC

GLY ASN ALA LEU
GGA AAT GCT CTT

ASP
GAT

VAL ASN
GTC AAC
1600

TYR
TAT

PRO PHE PRO THR|TYR ASN
CCG TTT CCA ACCJTAC AAC
GLN ASN
CAA AAC

ASP
GAT

GLN
CAG

PRO
CCcG

ARG
AGA

VAL
GTT

PHE
TTT

GLU MET

ATG

LYs
AAG

PHE
TTT

ALA LEU
GCT TTG
1700

600
ILE TRP
ATT TGG
1800

GLY
GGT

MET
ATG

GLN
CAG

MET
ATG

ARG
AGG

GLY
GGA

HIS
CAT

THR
ACG

LEU
TTG

HIS
CAC

ASN
AAT

LEU
CTG

LEU
CTT

ALA
GCG

VAL
GTA

MET
ATG

LYS HIS

CAC

ILE
ATT

THR THR
ACC ACT

VAL
GTT

MET
ATG

650
SER
TCC

cYs
TGT

MET
ATG

ASP
GAT

ASP
GAT

GLY
GGC

GLY
GGC

LEU
TTA

ARG
AGA

SER
AGC

SER
AGC

ILE
ATA

TYR
TAT

ALA
GCA

ARG
AGA

GLU
GAA

ALA
GCA

ASP
GAT

PRO
ccce

ASP
GAT

LEU
CTT

LEU
CTT

PHE
TTC

TYR

AGG GCA TAC

VAL
GTA

PHE
TTT

ASN
AAC

MET
ATG

ILE
ATT

LYS SER MET

ATG

LYS
AAG

GLU
GAA

ARG
AGA

GLY
GGT

VAL
GTG

PRO
CcCG

SER
AGC

PRO
ccc

GLU
GAG

TYR
TAC

LEU ALA
CTT GCC
2200

SER
AGC

ILE
ATT

ASP
GAT

GLN
CAA

ASN
AAT

ILE
ATT

LYS
AAG

ARG
AGA

ILE
ATA

ARG
CGC

ILE
ATA

PRO
CCT

GLN SER
CAG TCG

GLU ASN PRO

CCG

ALA THR
GCA ACT
2300

PHE
TTC

GLN

GCA CAG

ASN
AAC

PRO
cce

ASN
AAT

CYS ASN
TGC AAT

THR
ACC

PHE
TTT

VAL
GTA

MET TRP
ATG TGG

GLY
GGA

PHE
TTC

THR
ACA

TYR
TAC

LYS
AAA

PRO
CCA

LEU
TTG

ILE
ATT

TYR ASP
TAT GAC

SER
AGC

ASN
AAT

ASN PRO
AAT CCG

PRO
cCcG

ALA
GCA

size variations were generally in good agreement with those
expected from the calculated molecular weights. It is not
known whether the systematic discrepancy between ob-
served and calculated molecular weights results from pro-
teolytic cleavage occurring at the COOH end of all polypep-
tides or from inaccuracies of M, determination by Western
blot analysis (39). Proteolysis was most likely responsible for
the appearance of lower-M, species detected in the samples.
No strong decrease in specific activity of the xylanase
polypeptide was observed with deletions reaching up to 508
residues in the case of pCT1219. The lower specific activity
of the pCT1219 crude extract compared with those pCT1214
to pCT1218 appeared to correlate with a lower level of
expression of the polypeptide (Fig. 4, lane 7). However,

pecT1221

AAGCTGAGCA GATAATGATG CCGTAAAGCC GGCTTCTGAA TTAAGAGCCG GCTTTACGGA GATATACTTT TTACGGCAGA
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pCT1216

500 o PCT1217

pro|asi|rRo sER VAL

CCCJAAT|CCG TCT GTT
1500

peT1214

peT1215

GLYJGLN GLY ASP
GGA|CAA GGT GAT

GLN
CAG

THR
ACA

THR
ACT

PRO
cce

VAL
GTA

ASP TYR
GAT TAT

ALA
GCG

GLU
GAG

ALA
GCA

ARG
AGG

GLY
GGA

ILE
ATA

LYS ILE
AAA ATC

GLY
GGA

ARG
AGG

THR
ACA

cYs
TGT

550
GLN
CAA

SER
AGC

ILE
ATT

LEU
TTG

ARG
AGA

GLU
GAA

PHE
TTT

SER
TCA

MET
ATG

VAL VAL
GTT GTA

cYs
TGT

GLU
GAA

ASN
AAT

ASP
GAT

PHE
TTT

SER
TCG

LYS GLY

GGA

AsP
GAC

GLN
CAG

LEU
TTG

LEU
CTT

ALA PHE
GCT TTT

ALA
GCA

GLU
GAA

ARG
AGA

ASN
AAC

PRO
CCG

SER
TCA

TRP
TGG

GLN
CAA

LEU
CTT

THR
ACA

ASN
AAC

GLY
GGT

ASN TRP
AAC TGG

ASN
AAC

ARG
CGG

ASP
GAT

THR
ACC

HIS
CAT

TYR LYS
TAC AAA
1900

GLY
GGT

LYS ILE

ATT

VAL
GTT

GLU
GAG

TRP ASP
TGG GAT

VAL
GTG

ALA
GCA

ASN
AAC

TRP
TGG

ARG ASN VAL
AGA AAT GTA

ILE
ATC

GLY
GGT

GLN
CAG

ASP TYR
GAC TAC
2000

LEU ASP
CTT GAC

TYR
TAT

ALA
GCT

PHE
TTC

700

ASN ALA
AAT GCG
2100

ASN
AAT

ASP
GAT

TYR
TAT

ASN
AAT

ILE
ATT

GLU
GAA

AsP
GAC

LEU GLY
TTG GGT

PRO LYS
CCA AAG

SER
TCC

GLY
GGA

VAL
GTA

GLY
GGA

ASN
AAT

ILE
ATT

ASP
GAC

PHE
TTC

GLN
CAA

CcYs
TGC

HIS
CAC

PHE ILE
TTT ATC

GLY MET
GGA ATG

750
VAL
GTA

TYR
TAT

ALA
GCG

GLU
GAA

ILE
ATA

GLY
GGC

VAL
GTT

ILE
ATA

SER
TCC

PHE THR
TTT ACC

GLU
GAA

ILE
ATA

ASP
GAT

VAL
GTA

GLN
CAG

ALA
GCA

ASN
AAC

ASN
AAC

TYR
TAT

LYS GLU LEU

CTT

MET LYS
ATG AAA

ILE
ATT

CcYs
TGT

LEU
CTG

800
ASP LYS
GAT AAA
2400

GLY
GGA

TYR
TAC

THR
ACA

TRP
TGG

ILE
ATT

PRO
cCG

GLY
GGA

THR
ACT

PHE PRO
TTC CCA

TYR
TAT

GLY
GGC

ALA
GCA

ILE
ATA

LYS
AAG

ALA LEU
GCT CTT
2500

MET
ATG

GLY TYR
GGC TAT

END
TGA

TYR ASN
TAC AAT

GLU

GAA TAATTCC

ATACCTGTTA TTTCCATG
2600

-—

pCT1221, in which 36 further codons were deleted, ex-
pressed an immunoreactive polypeptide (Fig. 4, lane 12)
which was present in a much larger amount than that
encoded by pCT1202, but which had lost all detectable
activity.

The xylanase activity expressed from pCT1211 was inter-
mediate between that expressed from pCT1202 and pCT1214
to pCT1219. Since pCT1211 had lost the original xynZ start
codon and since the remaining part of the gene was fused out
of frame with the lacZ start codon, this suggests that
translation initiation occurred at an internal site within the
coding sequence. Deleting up to codon 539, as in pCT1220,
abolished reading frame-independent expression of an im-
munoreactive polypeptide (Fig. 4, lane 11), suggesting that
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TABLE 1. Codon usage in the xynZ gene of C. thermocellum
Amino No. of Amino No. of Amino No. of
acid Codon codons acid Codon codons acid Codon codons
Phe Uuu 19 Pro CCU 6 Lys AAA 23
uucC 14 CCC 10 AAG 14
CCA 9
Leu UUA 7 CCG 23 Asp GAU 27
UuG 19 GAC 20
Cuu 23 Thr ACU 13
cucC 8 ACC 13 Glu GAA 25
CUA 0 ACA 18 GAG 11
CUG 9 ACG 6
Cys UuGU 4
Ile AUU 34 Ala GCU 9 UGC S
AUC 6 GCC 12
AUA 22 GCA 20 Trp TGG 13
GCG 11
Met ATG 19 Arg CGU 1
Tyr UAU 28 CGC 3
Val GUU 16 UAC 13 CGA 0
GUC 6 CGG 2
GUA 19 His CAU 6 AGA 17
GUG 5 CAC 5 AGG 11
Ser UCU 5 Gin CAA 10 Gly GGU 21
ucCcC 8 CAG 13 GGC 17
UCA 12 GGA 38
UCG 11 Asn AAU 39 GGG 3
AGU 13 AAC 32
AGC 11

the internal start codon must be located upstream from
codon 539. Conversely, although pCT1223 contained a
shorter segment of the coding sequence than pCT1211, the
polypeptide expressed by pCT1223, in which the gene was
fused in frame with lacZ, was larger than that expressed by
pCT1211. This suggests that translation initiation in pCT1211
must occur downstream from the deletion endpoint of
pCT1223, i.e., codon 353. The most likely initiation codon in
the region 353 to 539 is GTG (Val-471), which is preceded, 7
bp upstream, by the Shine-Dalgarno-like sequence AGGAG.
The length of the corresponding translation product is ex-
pected to exceed the translation product of pCT1214 by only
12 residues, and the immunoreactive polypeptides were

found to have similar electrophoretic migration (Fig. 4, lanes
3 and 9).

The M, of the largest immunoreactive polypeptide found
in extracts of TG1(pCT1202) was about 90,000, which is
compatible with translation initiation occurring at the origi-
nal start codon. However, a band comigrating with the
product expressed from pCT1211 was also clearly detected,
suggesting that internal reinitiation occurred within the un-
deleted gene (Fig. 4, lane 2).

DISCUSSION

The modular pattern found in the sequence of xylanase Z
closely parallels the structural organization of several cellu-
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FIG. 3. Alignment of the conserved region between the three endoglucanases EGA, EGB, and EGD and the xylanase Z (XYLZ) of C.
thermocellum. The eight stretches of 24 amino acids each are aligned. The last displayed amino acid of the three endoglucanases is the
COOH-terminal residue of the protein. The boxed amino acids are identical or have similar chemical properties.
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TABLE 2. Specific activity of crude extracts of E. coli TG1
carrying various subclones of xynZ*®

Sp act . M, estimated Mol wt
Plasmid onpxylan xyﬁ;“,:;;me from calculated from

(U/mg) Western blot sequence
pCT1202 0.15 - 90,000 92,159
pCT1211 1.7 - 38,500 41,767
pCT1214 24 + 38,500 40,210
pCT1215 30 + 38,500 40,153
pCT1216 33 + 36,500 39,428
pCT1217 33 + 36,500 39,314
pCT1218 23 + 35,000 38,732
pCT1219 8.5 + 35,000 38,503
pCT1220 ND? - — —
pCT1221 ND + 32,000 34,596
pCT1223 26 + 47,000 54,607

“ Apparent molecular weights were estimated for the largest species de-
tected in the Western blot experiment (Fig. 4). In clones carrying xynZ fused
in frame with the 5’ end of lacZ, the calculated molecular weight includes the
few N-terminal amino acids of B-galactosidase which are fused to xylanase Z.

5 ND, Not detectable; specific activity lower than 0.5% of TG1(pCT1202)
specific activity.

lases, in which similar domains are shuffled at different
locations within the sequences of various enzymes (37, 44).
The phenotype of deletions extending from the 5’ end of
xynZ indicates that xylanase Z contains a distinct hydrolytic
domain located in the COOH-terminal third of the protein.
This domain does not include the Pro- and Thr-rich segments
or the reiterated region conserved in xylanase Z, EGA,
EGB, and EGD. Likewise, the reiterated region can be
deleted from celD without loss of activity of EGD (unpub-
lished data). Furthermore, another endoglucanase of C.
thermocellum, EGC, does not possess this repeated se-
quence (34a). Therefore, this sequence does not belong to

1 2 34 5 6 7 8 910 11 12

67 @

w

30 - - - -

20 @ -
i

FIG. 4. Detection of the xynZ gene product in crude extracts of
E. coli harboring subclones and deletions of xynZ. Samples (60 pg of
protein) were denatured for 5 min at 100°C in the presence of 5%
B-mercaptoethanol and 2% sodium dodecyl sulfate and analyzed by
Western blotting (39). Lane 1, Standard proteins: bovine serum
albumin, 67 kDa; ovalbumin, 46 kDa; carbonic anhydrase, 30 kDa;
soybean trypsin inhibitor, 20 kDa; lysozyme, 14.4 kDa. Lane 2,
pCT1202. Lane 3, pCT1211. Lane 4, pCT1217. Lane 5, pCT1214.
Lane 6, pCT1215. Lane 7, pCT1219. Lane 8, pCT1216. Lane 9,
pCT1218. Lane 10, pCT1223. Lane 11, pCT1220. Lane 12, pCT1221.
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the reaction center of xylanase or endoglucanase. However,
the strong conservation of this region in the four proteins
suggests an important function. One role could be the
anchorage of different enzymes to the multimolecular com-
plex (cellulosome) responsible for cellulose hydrolysis.
Binding could possibly be mediated by the S1 subunit, a
210-kDa noncellulolytic component which may be involved
in the structural organization of the complex and in adhesion
to cellulose (1). Alternatively, the reiterated domain could
function as a binding site for adjacent subunits of the
substrate, similar to the COOH-terminal domain of 7. reesei
cellobiohydrolase I (41). The presence of a similar structure
within a xylanase does not preclude either hypothesis, since
xylan is structurally similar to cellulose and since xylanase Z
is probably associated with the cellulosome (11). No data are
available on the function of the N-terminal half of the
protein, which could contain another catalytic domain.
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ADDENDUM IN PROOF

The segment extending between residues 541 and 833,
containing the catalytic site of xylanase Z, shared about 43%
identical amino acids with residues 66 to 352 of C. fimi
exoglucanase (29), which also contain the active site of the
enzyme (44). This observation may be correlated with the
fact that C. fimi exoglucanase also displays strong xylanase
activity (N. R. Gilkes, M. L. Langsford, D. G. Kilburn,
R. C. Miller, Jr., and R. A. J. Warren, J. Biol. Chem.
259:10455-10459, 1984).
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